Abstract
INTRODUCTION
Mitochondria are important intra-cellular organelles present in most eukaryotic cells, which play a crucial 72 role in ATP production through oxidative phosphorylation (OXPHOS) as well as in determining cell 73 survival or death [1, 2] . Disruption of mitochondrial homeostasis has been implicated in numerous 74 diseases including heart failure. The mitochondrial OXPHOS system produces most of cellular energy 75 (ATP) in almost all cell types. The OXPHOS dysfunction causes a group of multi-systemic diseases which 76 are often progressive or fatal disorders with defects in the cellular ATP supply [3] . Given that the heart is 77 highly dependent on aerobic metabolism, it is particularly susceptible to mitochondrial dysfunction. 78
Energy depletion has been highlighted as an important contributor to the pathology of heart failure [4] . 79
Oxidative stress is believed to be a major causative factor leading to mitochondrial dysfunction. There is 80 accumulating evidence indicating that increased oxidative stress is involved in cardiac hypertrophy and 81 dysfunction [5] , and reducing of oxidative stress prevents left ventricular remodeling and dysfunction [5] . 82
There has been considerable interest in the identification of proteins involved and in developing strategies 83 to reduce oxidative stress [6] . The nuclear DNA-encoded mitochondrial ATP-dependent Lon protease 84 (LonP1) belongs to the AAA + family of proteins (ATPase associated with various cellular activities), which 85 exhibits a quality-control protease in selectively eliminating certain abnormal proteins and cellular stress 86 mitochondrial dysfunction; however, the underlying molecular mechanism remains poorly understood. In 99 and 3H). Notably, there was no difference in any of these proteins involved in mitochondrial fusion and 179 fission in the hearts of 2-week-old cLKO mice and their littermate controls (S2B and S2C Fig) . These results together indicate that LonP1 ablation in cardiomyocytes promotes OPA1 processing and 181
Drp1 expression, as well as reduces MFN1 expression to enhance mitochondrial fragmentation. 182
Loss of LonP1 Induces UPR ER Prior to UPR mt
To further understand the effects of LonP1 deletion to mitochondria and ER, we subsequently examined 184 the UPR ER and UPR mt at different postnatal stages of mice. To test this, we determined the expression 185 level of UPR ER -related proteins in cLKO mice and controls. We observed that inositol-requiring enzyme 186 1α (IRE1α), eukaryotic initiation factor 2α subunit (eIF2α), and the phosphorylation of eIF2α (p-eIF2α), 187 activating transcription factors 4 and 6 (ATF4 and ATF6), increased significantly in response to LonP1 188 depletion in 4-and 10-week-old cLKO mice (Fig 4A and 4B ). In addition, we observed that protein 189 disulfide isomerase (PDI) remained unchanged in 4-week-old cLKO and control mice, whereas the PDI 190 protein level was significantly increased in 10-week-old cLKO mice ( Figures 4A and B) . 191
We next examined the UPR mt -related proteins in cLKO and control mice. We found that ClpX, Tid1-L/S, 192 HSP60, and the ATPase family gene 3-like 2 (AFG3L2) protease involved in the turnover of unfolded 193 proteins, were significantly increased in 10-week-old cLKO mice. Surprisingly, the expression levels of 194 these UPR mt -related proteins remained unchanged in 4-week-old cLKO mice (Fig 4C and 4D) In addition, we evaluated the expression level of fibroblast growth factor 21 (FGF21), a marker of 200 mitochondrial stress signal [43, 44] , in 4-and 10-week-old WT and cLKO mice, and we observed a strong 201 increase of FGF21 protein levels in the hearts of 4-and 10-week-old cLKO mice (Fig 4E and 4F) Cardiomyocyte-specific deletion of LonP1 leads to abnormal mitochondrial morphology and 210 10-week-old mice (Fig 5D and 5E ). Finally, we performed quantitative proteomic analysis of the heart 234 tissue of LonP1-knockout mice using isobaric tags for relative and absolute quantization (iTRAQ) and 235 observed that LonP1 knockout reduced most of the mitochondrial complex I, II, III, and IV subunit 236 expression levels (Fig 5F) . Moreover, these mitochondrial complex subunits were further reduced in 20-237 week-old cLKO mice, except for the three complex II subunits detected by iTRAQ (Fig 5F) . 238
These results together demonstrate that LonP1 knockout in the myocardium induces the accumulation 239 of protein aggregates, impairing mitochondrial structure and morphology, as well as MRC function. 240
Loss of LonP1 in Cardiomyocytes Leads to Metabolic Reprogramming through Enhancing 241

Glycogenesis and Amino Acid Metabolism 242
Our data showed that LonP1 depletion suppressed H9c2 cell proliferation (Fig 6A and 6B) , promoted both 243 intracellular ROS and mitochondrial superoxide generation and caused mitochondrial depolarization (Fig  244   6C , 6D and 6E). These results strongly indicate that LonP1 is essential for mitochondrial homeostasis 245
and that the loss of LonP1 may cause oxidative damage in H9c2 cells. Mitochondria are the major source 246 of ATP generation, and to further evaluate the impacts of LonP1 on mitochondrial function, we analyzed 247 cellular oxygen consumption rates (OCR) in control and LonP1-knockdown H9c2 cells. We detected that 248 silencing LonP1 dramatically decreased the overall OCR. We further assessed the various parameters of 249 mitochondrial function by analyzing OCR data at each time point. Our results showed that basal 250 respiration, maximum respiration and ATP production were markedly decreased (Fig 6F and 6G) in 251
LonP1-depleted H9c2 cells. 252
To explore the underlying molecular mechanism of the LonP1-driven H9c2 cell phenotype, we 253 performed a quantitative proteomic analysis of heart tissue from WT and LonP1 KO mice using iTRAQ 254 labeling and subsequent LC-MS/MS analysis. iTRAQ data showed significant upregulation of crucial 255 metabolic enzymes, especially those participating in the processes of gluconeogenesis and aspartate and 256 glutamate metabolism, as well as the biosynthesis of amino acids in both 10-week-old and 20-week-old 257 cLKO mice (Fig 6H) , indicating that cardiomyocyte-specific deletion of LonP1 leads to metabolic 258 reprogramming through enhancing glycogenesis and amino acid metabolism to promote cell survival 259 under excessive oxidative damage stress caused by LonP1 ablation. We further confirmed that theprotein levels of mitochondrial phosphoenolpyruvate (PEP) carboxykinase (PEPCK-M or PCK2) and 261 activating transcription factor 4 (ATF4) were increased by Western blotting analysis (Fig 6I and 6J) . It was 262 well elucidated that PCK2, a key enzyme in glycogenesis, could be transcriptionally regulated by ATF4 263 through binding to a putative ATF/CRE composite site within the PCK2 promoter functioning as an amino 264 acid response element, which mediates PCK2 transcriptional upregulation [45] . Consistently, we found 265 that the mRNA transcripts of SUCLG2, PCK2, GLS, PHGDH and PSAT1 were all upregulated in cLKO 266 hearts (Fig 6K) . Collectively, our data indicate that the cardiomyocyte-specific deletion of LonP1 promotes 267 metabolic reprogramming to overcome LonP1 deficiency caused mitochondrial dysfunction, excessive 268 oxidative stress, and intermediate metabolites limitations, thus promoting cLKO mouse survival. 269
DISCUSSION 270
Mitochondrial proteins are continuously damaged by exogenous and/or endogenous various stresses, 271 such as ROS, heat, and toxic compounds, which cause proteins damaged due to misfolding or 272 aggregation. Mitochondrial protein quality control system can sense the damaged protein which are 273 selectively degraded by different proteolytic systems within mitochondrial, therefore maintains the protein 274 homeostasis. In the mitochondrial matrix, there are three proteases are responsible for the degradation of 275 damaged mitochondrial proteins, including ClpXP, m-AAA and LonP1, which are members of the 276
ATPase associated with diverse cellular activities (AAA+) superfamily. However, the defects in 277 mitochondrial protein quality control system will lead to accumulation of damaged proteins in the 278 mitochondria, thus causing mitochondrial dysfunction and ultimately leading to cellular dysfunction. In the 279 recent years, LonP1 has been emerged as an essential and fundamental component of mitochondrial 280 quality control system and as an important stress sensor in the mitochondrial alterations that could be 281 observed in a number of chronic diseases and human cancers [8, 19, 46, 47] . A recent in vitro study 282
shows that LonP1 is also required for maturation of a subset of mitochondrial matrix proteins and that 283
LonP1 reduction elicits an integrated stress response [48] . 284
In the present study, we demonstrate that cardiomyocyte-specific ablation of LonP1 causes the mice 285 develop DCM and ultimately progresses to heart failure, which indicates the essential roles of LonP1 in 286 normal myocardial cells. conditions. In addition to the activation of both the UPR ER and UPR mt in the hearts of cLKO mice, FGF21, 304 a key regulator of glucose and lipid metabolism and energy balance, is also increased dramatically to 305 compensate for the deletion of LonP1 expression. The increased expression of FGF21 further ensures 306 cLKO mice survival under unstressed conditions. 307 suggesting that LonP1 ablation may drive PCK2-mediated metabolic adaptation in cardiac myocytes to 331 support TCA cycle metabolism and glycolytic intermediates for biosynthesis [58] . The activity of PCK2 332 depends on mtGTP generated by the SUCLG2 form of SCS in the mitochondrial matrix [59] . We show 333 that the SUCLG2 protein and mRNA expressions are stimulated by LonP1 ablation, indicating a 334 synergistic effect to strengthen PCK2 activity in LonP1-deficient cardiomyocytes. Moreover, we found that 335 ATF4 was upregulated, indicating that PCK2 could be transcriptionally regulated by ATF4 through 336 regulating a putative ATF/CRE composite site containing the PCK2 promoter, which caused 337 (Fig 7) . 347
As reduction of LonP1 levels in cardiac myocytes led to DCM and heart failure, it is possible that 348 increased expression of LonP1 may have a cardioprotective effect against DCM and preventing heart 349 failure. It will also be interesting to examine whether there is a correlation between the cardiac level of 350
LonP1 and the incidence of DCM in humans. 351 
Materials and Methods
Construct Method of Lonp1 LoxP/LoxP Mice and Genotyping 359
The strain was generated as follows. An L1L2_Bact_P cassette coding FRT-lacZ-loxP-neomycin-FRT-360 loxP was inserted between exon 1 and exon 2 and another loxP was inserted immediately after exon 2. 361
The linearized construct was transfected into C57BL/6J embryonic stem cells and neomycin-resistant 362 clones were screened by PCR. Clones that had undergone homologous recombination were injected into 363 albino C57BL/6J blastocysts and the resulting chimeric mice were crossed with Gt (ROSA) 26Sortm1 364 (FLP1) Dym (also known as ROSA26::FLPe knockin) mice to excise the neomycin resistance cassette. 365
The PCR primers for genotyping are listed in Table S1 .
The cLKO (LonP1
LoxP/LoxP /α-MHC-cre) mice were generated by crossing LonP1
LoxP/+ /α-MHC-cre mice with 368
LonP1
LoxP/+ mice. Littermate mice were considered as control mice, except the cLKO mice. The mice were 369 maintained on a mixed C57BL/6.SV129 background. No differences between the characteristics of wild-370
type (WT) LonP1
+/+ and LonP1 LoxP/LoxP mice were observed from birth until more than 1 year old. Genomic 371 DNA was extracted from tail snips using a QIAGEN Gentra Puregene Tissue kit, and PCR was performed 372 using the genomic DNA obtained as the template. The PCR primers for genotyping are listed in Table S1 . 373
Reagents and Antibodies 374
Glucose was obtained from Sigma. The intact cellular oxygen consumption rate (OCR) assay kit was 375 lab. Cell lines were also routinely tested and confirmed to be mycoplasma free during this study. 408
Hematoxylin and Eosin Staining (H&E) 409
Heart tissues were fixed, embedded in paraffin and sectioned following standard protocols. The sections 410 were stained with hematoxylin for 15 min and washed in running tap water for 20 min. The sections were 411 then counterstained with eosin from 30 sec to 1 min. Finally, the sections were dehydrated in 95% and 412 absolute ethanol and mounted in Permount (Thermo Fisher Scientific). 413
Sirius Red Staining 414
Sirius Red staining was performed using a Picro Sirius Red staining kit according to the manufacturer's 415 instructions (Thermo Fisher Scientific). Briefly, paraffin-embedded heart sections were deparaffinized 416 /hydrated, and a series of washes was performed, followed by staining with Picro's Sirius Red for 1 hourAn experienced researcher blinded to the study performed echocardiographic evaluations to avoid 420 biases. A Vevo 3100 high-resolution micro-ultrasound system (FUJIFILM Visual Sonics Inc.) was used to 421 determine heart function and ventricular dimensions. For this procedure, 1.5% isoflurane was used to 422 anesthetize mice, and then the mice were placed on a heating table in a supine position. M-mode and 423 two-dimensional (2D) images were recorded along a short-axis view from the mid-left ventricle at the tips 424 of the papillary muscles. The interventricular septal thickness (IVS) and left ventricle (LV) internal 425 diameter (LVID) were measured at end-diastole and end-systole. The fractional shortening (FS) and 426 ejection fraction (EF) were calculated from the LV dimensions in the 2D short-axis view. 427
Transmission Electron Microscopy (TEM) 428
The heart tissue samples were fixed with 2.5% (v/v) glutaraldehyde buffer for 15 min at room 429 temperature, followed by overnight at 4°C. The following day, the samples were treated with 1% osmium 430 tetroxide and 0.1 M cacodylate buffer for 1 hour. Samples were stained in 1% uranyl acetate and 431 dehydrated with ethanol. Epoxy-resin-embedded samples were sectioned, and placed on formvar/carbon-432 coated copper grids. Grids were stained with uranyl acetate and lead nitrate. Then the samples were 433 examined with a JEM1400 transmission electron microscope (JEOL). 434
Isolation and Purification of Mitochondria 435
Heart tissues were separated and washed in Buffer A (0. BNG was performed using a previously published protocol with modifications (39). Briefly, buffer (50 mM 445 NaCl, 50 mM imidazole, 2 mM 6-aminohexanoic, and 1 mM EDTA, pH 7.0) was added to 400 μ g of 446 pelleted mitochondria. Then, 12 μ l digitonin was added [20% (w/v)], and the mitochondria were solubilized 447 for 10-20 min. After centrifugation at 20,000 × g for 45 min, the supernatants were collected. Next, we 448 added a mixture of glycerol/Coomassie blue G-250 dye (2:1) to the samples to yield a sample/mixture 449 ratio of 5:1 (v/v). Finally, the samples were run on 3-11% acrylamide gradient gels at 4°C. 450
Western Blot Analysis 451
Tissue samples were washed 3 times with ice-cold PBS and homogenized using a homogenizer 452 (Kinematica AG) in 1.5 ml tissue RIPA lysis buffer (50 mM Tris-HCl, pH 7.4, 1.0% Triton X-100, 1% 453 sodium deoxycholate, 0.1% SDS, 150 mM NaCl) supplemented with a protease inhibitor cocktail tablet, 454
and PhosSTOP TM phosphatase inhibitor cocktail tablet. Tissue homogenates were cleared by 455 centrifugation at 18,000 × g for 25 min at 4°C, and the supernatants were collected in clean 456 microcentrifuge tubes on ice. A similar procedure was used to prepare whole-cell extracts from cells. 457
Briefly, cells were washed with ice-cold PBS and lysed in RIPA lysis buffer supplemented with protease 458 and phosphatase inhibitors on ice for 20 min, followed by centrifugation at 18,000 × g for 30 min at 4°C, 459 and the supernatants were collected. Protein concentrations of the tissue homogenates or whole-cell 460 extracts were determined using the Pierce BCA protein assay kit (Thermo Fisher Scientific). Table 2 . 478
Thermal cycling was performed using the following parameters: 95°C for 10 min, then 45 cycles of 479 denaturation at 95°C for 10 sec and extension at 60°C for 30 sec. The threshold cycle number (CT) was 480 recorded for each reaction. The CT value was normalized to that of GAPDH. Each sample was assayed 481 in triplicate and repeated at least three times. 482 psi-LVRU6P vectors (carrying a puromycin antibiotic resistance gene) containing control and shRNA 484 oligonucleotides were purchased from Gene Copoeia (Rockville, MD, USA). The two shRNAs sequences 485 are listed in Supplemental Table 3 . 486
Lentivirus Production and Transduction 487
Lentiviral production and transduction were conducted according to the manufacturer's instructions (Gene 488 Copoeia). Briefly, lentiviral vectors and LonP1 or control shRNA were packed with the Lenti-Pac™ HIV 489
Expression Packaging Kit using HEK293T cells and incubated overnight, followed by replacement of the 490 old culture medium with fresh DMEM supplemented with 5% heat-inactivated FBS and penicillin-491 streptomycin. Titer Boost reagent (1/500 volume) was added to the culture medium and incubated at 492 
Cell Proliferation Assay 510
Control and LonP1 knockdown H9c2 cells were seeded into a 96-well plate at a density of 2 × 103 cells 511 per well and incubated overnight. The viability of H9c2 cells was determined at 1, 2, 3, 4, and 5 days 512 using an MTT Cell Proliferation and Cytotoxicity Assay Kit according to the manufacturer's protocol. 513
XF Extracellular Flux Analyzer Experiments 514
The intact cellular OCR of LonP1 stable knockdown and control H9c2 cells was measured using a 515
Seahorse XF-96 Extracellular Flux Analyzer (Seahorse Bioscience) as described previously (40). Results 516 were obtained by performing three independent experiments with 8 replicates of LonP1 stable knockdown 517 and control H9c2 cells. After the assay was completed, the protein concentration was determined by a 518 BCA protein assay kit to normalize the OCR according to the manufacturer's instructions. 
Statistical Analysis 539
Statistical analyses were performed with Prism software (GraphPad Prism 5). Data were analyzed using a 540 Student's t test. P value less than 0.05 was considered as significant. Data with statistical significance (*P 541 
